Alternative oxidase (AOX) is encoded in small multigene families in plants. Functional analysis of the Arabidopsis (Arabidopsis thaliana) alternative oxidase 1c (AtAOX1c) promoter, an AOX gene not induced by oxidative stress, indicated that regulation of expression was complex, with the upstream promoter region containing positive and negative response regions. Comparison to the promoter region of soybean (Glycine max) alternative oxidase 2b (GmAOX2b), another AOX gene not induced by oxidative stress, revealed that they contained seven sequence elements in common. All elements were active in the promoter region of AtAOX1c in suspension cells and in leaf tissue from Columbia and mutant plants, where a mitochondrial protein import receptor was inactivated. Analysis of coexpressed and putatively coregulated genes, the latter defined as containing five or more sequence elements functional in AtAOX1c, indicated that AtAOX1c was coregulated with components involved with cell division and growth. Consistent with this analysis, we demonstrated that site II elements, previously shown to regulate the proliferating cell nuclear antigen, are present in the upstream promoter region of AtAOX1c and were strong negative regulators of AtAOX1c expression. It was demonstrated that NDB4, a gene encoding an external NAD(P)H dehydrogenase, displayed strong coexpression with AtAOX1c. Overall, these results indicate that AtAOX1c is regulated by growth and developmental signals.
Alternative oxidase (AOX) is a cyanide-insensitive terminal oxidase present on the inner mitochondrial membrane that oxidizes ubiquinone to reduce oxygen to water . It is intensively studied in plants due to its ability to dissociate electron transport from ATP synthesis (Finnegan et al., 2004) . In higher plants, it is encoded by a small gene family, with five genes in Arabidopsis (Arabidopsis thaliana; Saisho et al., 1997; Thirkettle-Watts et al., 2003) , four in sugarcane (Saccharum officinarum), and tomato (Lycopersicon esculentum; Holtzapffel et al., 2003; Navet et al., 2003; Borecky et al., 2006) , and three in maize (Zea mays), rice (Oryza sativa), and soybean (Glycine max; Whelan et al., 1996; Ito et al., 1997; Karpova et al., 2002) . Genes encoding AOX can be divided into two groups, AOX1 and AOX2, with AOX1 genes showing higher protein sequence similarity between species than AOX2 genes within a species (Considine et al., 2002 ). An examination of the promoters combined with gene expression analysis of all soybean and Arabidopsis AOX genes indicated that the expression pattern observed between species was not conserved with gene orthology (Thirkettle-Watts et al., 2003) . For example, in soybean, AOX2a and AOX2b (GmAOX2a and GmAOX2b) are the predominantly expressed genes in a variety of organs at different growth stages, whereas, in Arabidopsis, AOX1a and AOX1c (AtAOX1a and AtAOX1c) display the highest expression levels (Thirkettle-Watts et al., 2003) . Furthermore, even when closely related species are compared, such as soybean and Vigna, there appears to be differences in how the single AOX1 gene in these species is regulated (Costa et al., 2007) .
Although AOX is widely expressed in plants, the majority of studies have focused on the stress-inducible nature of AOX transcript abundance. This is due, in part, to the fact that it is highly responsive to a variety of treatments that induce oxidative stress (Finnegan et al., 2004; Clifton et al., 2006; Rhoads et al., 2006) . Induction of AOX by various treatments has become a model for the study of retrograde regulation from the mitochondrion to the nucleus in plants. Overall, it can be concluded from numerous studies in various plants that it is often only a single AOX gene that is induced under stress (Rhoads and Vanlerberghe, 2004; Rhoads et al., 2006) . Utilizing the stress-inducible nature of AOX, the promoter region of AtAOX1a has been dissected to define stress-responsive regions (Dojcinovic et al., 2005) . Using a variety of different treatments and inhibitors to protein kinases or phosphatases, induction of AOX1 in soybean and tobacco (Nicotiana tabacum) has been shown to occur via more than one signal transduction pathway McIntosh, 1996, 1997; Djajanegara et al., 2002) . Generally, it has been concluded that AOX is responsive to oxidative stress and plays a central role in preventing the accumulation of reactive oxygen species (ROS; Finnegan et al., 1997; Vanlerberghe and McIntosh, 1997; Rhoads et al., 2006) . However, analysis of AOX gene expression in a variety of plants indicates that it is also expressed in a wide variety of organs and growth stages, suggesting roles not associated with oxidative stress (Vanlerberghe and McIntosh, 1997; ThirkettleWatts et al., 2003; Finnegan et al., 2004; Clifton et al., 2006) . Furthermore, it is usually only a single member of the AOX gene family that is induced by oxidative stress (Vanlerberghe and McIntosh, 1997; Considine et al., 2002; Finnegan et al., 2004; Clifton et al., 2005 Clifton et al., , 2006 Rhoads et al., 2006) . In soybean, GmAOX1 is induced by oxidative stress, whereas GmAOX2a and GmAOX2b display organ and developmental regulation (Finnegan et al., 1997; McCabe et al., 1998; Djajanegara et al., 2002) . In Arabidopsis, AtAOX1a is the predominantly expressed AOX and it is also the most highly induced in terms of magnitude of response and number of treatments that result in its induction (Clifton et al., 2005; Elhafez et al., 2006) . In contrast, whereas AtAOX1c is also widely expressed in Arabidopsis (Thirkettle-Watts et al., 2003; Clifton et al., 2006; Elhafez et al., 2006) , it is largely unchanged by a variety of treatments that induce oxidative stress (Thirkettle-Watts et al., 2003; Clifton et al., 2005) . Thus, analysis of the regulation of AtAOX1c may provide insight into the regulation of AOX expression under normal conditions and also a general model for nuclear-encoded mitochondrial genes.
RESULTS

The AtAOX1c Promoter Contains Positive and Negative Response Regions and Elements
To characterize the promoter region of AtAOX1c, we tested for functional regions in the promoter using two approaches. The first was to carry out a deletion analysis of the promoter as used to define functional regions in other AOX promoters (Thirkettle-Watts et al., 2003; Dojcinovic et al., 2005) and for nuclear genes encoding other mitochondrial components Zabaleta et al., 1998; Welchen et al., 2004; Ribeiro et al., 2005; Welchen and Gonzalez, 2005) . The second approach was to predict elements and test their function by deletion. However, several hundred elements can be predicted in a 1-kb promoter sequence using a variety of commonly used algorithms (Tompa et al., 2005) . To overcome this problem, we compared the AtAOX1c promoter to the promoter region of GmAOX2b. This promoter was chosen because GmAOX2b is expressed in soybean in a variety of tissues and is not induced by oxidative stress (Thirkettle-Watts et al., 2003) . A comparison between the promoter regions of AtAOX1c and GmAOX2b revealed seven sequence elements in common, all within 500 bp of the transcriptional start site of AtAOX1c ( Fig. 1; Supplemental Fig.  S1 ). To test the predicted elements, we utilized Arabidopsis suspension cell culture and leaf tissue because previous expression analysis indicated that AtAOX1c was expressed in both of these tissues (Thirkettle-Watts et al., 2003) .
Additionally, we had previously identified a T-DNA insertional knockout of At2g19080 (DAt2g19080), which encodes a mitochondrial protein that plays a role in the import of proteins into mitochondria (R. Lister and J. Whelan, unpublished data) . In these plants, transcript and protein levels of AtAOX1c are increased in abundance. Western-blot analysis of isolated mitochondria probed with antibodies to AOX from Arabidopsis Columbia-0 (Col-0) plants result in a single protein with an apparent molecular mass of 34 kD ( Fig. 2A) . Because this is in agreement with the apparent molecular mass previously reported for AtAOX1a Umbach et al., 2005) and given that AtAOX1a transcript levels are at least 10-fold higher than AtAOX1c (Fig. 2B) , the protein detected is proposed to be AtAOX1a. However, in DAt2g19080 lines, an additional cross-reacting protein was present with an apparent molecular mass of 29 kD ( Fig. 2A) . This is likely to represent the product of AtAOX1c because quantitative reverse transcription (QRT)-PCR analysis of DAt2g19080 lines indicates that transcript abundance of AtAOX1c was increased 5-to 10-fold compared to levels in Col-0 plants (Fig. 2B) . However, it cannot be ruled out that the 29-kD protein detected may be a breakdown product of the 34-kD protein.
Transcript abundance for the other three AOX genes in Arabidopsis was unchanged and expressed at low levels, as previously documented (Thirkettle-Watts et al., 2003; Clifton et al., 2006) . Because DAt2g19080 plants showed enhanced expression of AtAOX1c, we also tested the ability of the AtAOX1c promoter to drive b-glucuronidase (GUS) activity in leaves from these insertional knockout lines.
The ability of the 2973-bp promoter and various deletions to drive GUS activity was tested in suspension cells and leaf tissue from Col-0 and DAt2g19080 4-week-old plants (Fig. 3) . Overall, the analysis revealed several active regions that differed in the magnitude of their response between the three systems, and, notably, the activity of the regions was greatly enhanced in DAt2g19080. For wild-type cells and Col-0 leaf tissue, GUS activity driven by the 2973-bp promoter was set to 100% and GUS activity driven by the other promoter regions was expressed relative to this. GUS values were similar between cells and leaves Figure 2 . Expression of AtAOX1a and AtAOX1c in Arabidopsis leaf tissue. A, Western-blot analysis of isolated mitochondria from 4-weekold leaf tissue from Col-0 plants and plants with an insertional knockout of At2g19080 (DAt2g19080). Mitochondrial proteins were probed with monoclonal antibodies raised against AOX and porin. For AOX, an additional cross-reacting protein in mitochondrial samples from DAt2g19080 is present compared to wild type. Apparent molecular mass is indicated in kilodaltons. B, QRT-PCR analysis of transcript abundance for AtAOX1a and AtAOX1c in Col-0 and DAt2g19080 plants in young leaf (2 week) and mature leaf (4 week) tissue.
from Col-0 plants in agreement with a previous report that AtAOX1c is expressed at relatively similar levels in both (Thirkettle-Watts et al., 2003; Clifton et al., 2005) . Because DAt2g19080 displayed large increases in GUS activity, these values were expressed relative to the activity of the 2973-bp promoter from Col-0 plants. This allowed the differences in magnitude of GUS activity as well as fold changes with different constructs to be assessed.
Deletion analysis of the region 2973 bp upstream of the transcriptional start site of the AtAOX1c promoter revealed several regulatory regions, acting in a positive or negative manner. Overall, the activity of each promoter construct was similar in each test system, although the magnitude of changes in the DAt2g19080 leaves was 3-to 4-fold higher than observed in Col-0 leaves and suspension cells. Deletion of bases 2973 to 2430 bp resulted in slightly increased GUS activity in cells and Col-0 leaf (50%) and a 400% increase in DAt2g19080 leaves (Fig. 3) . Deletion to 2293 bp identified a positive response region, and, again, the magnitude of the change in activity was greater in the DAt2g19080 leaf tissue compared to Col-0 and cells. Deletion of the 2293-bp fragment to 2253 and 2187 bp revealed more negative response regions in all three test systems, except that the 2253-to 2187-bp response was absent in DAt2g19080, likely due to the larger response on deletion from 2293 to 2253 bp. Further deletions revealed positive response regions between 2187 and 2143 bp, as well as between 2143 and 2112 bp. Slight differences were observed between the three test systems. For instance, the pattern of GUS activity from 2187 bp followed the same declining trend in all three; however, the 10-fold drop in GUS activity between 2143 and 2112 bp, in DAt2g19080, resulted in the subsequent deletions only producing Figure 3 . Functional analysis of the AtAOX1c promoter region. Regions of the AtAOX1c promoter were used to drive the expression of GUS and activity was measured after biolistic transformation into suspension cells, and leaves from 4-week-old Col-0 and DAt2g19080 plants. For suspension cells and leaves from Col-0 plants, the GUS activity obtained with the 2973-bp promoter construct was set to 100% (y axis) and the GUS activities supported by various deletions of this promoter were expressed in a relative manner. For DAt2g19080 plants, the GUS activity was 4 to 5 times greater and thus the values for these samples were normalized to the values obtained for the 2973-bp construct in Col-0 leaf samples to allow the magnitude of the changes in expression to be visualized. Comparing each deletion to the preceding construct assessed the significance of changes in GUS activity. #, Significance with a P value , 0.01 using Student's t test. GUS activities for the DAt2g19080 leaf samples are compiled from independent analysis of both lines. A diagrammatic representation of the deletion constructs is shown in the first image (not to scale). [See online article for color version of this figure. ] relatively small decreases that were not found to be statistically significant, whereas in Col-0 leaves this decline in GUS activity was more evenly spread across the deletions.
Analysis of the seven predicted elements in the three test systems revealed that elements A and C had the same effect in all of them, as positive and negative regulators, respectively (Fig. 4) . Elements B, D, and F had the same effect in leaf tissue from Col-0 and DAt2g19080 in that they were all positive regulators, whereas in cells they were found to be negative (B and D) or to have no significant effect (F; Fig. 4) . Element E displayed the same effect in cells and Col-0 leaf as a negative regulator, but was a positive regulator in DAt2g19080.
Analysis of the functionality of each element revealed tissue-specific effects. Element A played a large role in GUS activity in cells, with a 75% decrease in activity upon its deletion, but the decrease was 50% or less in leaf tissue of Col-0 and DAt2g19080. Element B was shown to repress promoter activity in cells, but had a positive role in Col-0 and DAt2g19080 leaf tissue, with an almost 4-fold loss in activity in DAt2g19080 leaves, indicating that it played a large role in the upregulation of AtAOX1c in the mutant leaf. Deletion of element C had the highest impact in Col-0 leaf, whereas deletion of element D displayed maximal effect in DAt2g19080, similar to element B, and deletion of element E had a greater impact in cells and Col-0 leaves. Element G was only active in DAt2g19080 as a positive regulator (Fig. 4) .
Occurrence of Elements Functional in AtAOX1c in Other AOX Genes
Elements identified by comparison of the AtAOX1c promoter and the GmAOX2b promoter were tested for function in the latter promoter using a soybean suspension cell culture (Fig. 5; (Thirkettle-Watts et al., 2003) . Elements A, D, and F were found to be functional in the soybean promoter, all as positive regulators. The remaining soybean elements were found to have no effect in soybean cells. A likely reason for this is that the majority of elements tested in Arabidopsis had the greatest effect in leaf tissue and not in a cell culture system. Analysis of the upstream promoter regions of AOX genes in other plants indicated that many of the promoters contain these elements (Table  I) . Element B occurred in several other AOX promoter regions, whereas element G was only found in the Arabidopsis and soybean promoters. The function of the sequence elements A to G identified in the AtAOX1c promoter were tested by deleting these elements and testing their ability to drive GUS expression compared to the unmutated promoter region. Elements were deleted in the promoter regions of 2973, 2430, 2253, and 2187 bp as appropriate to the position of the element. The activity was tested in suspension cells as well as Col-0 and DAt2g19080 leaf tissue. For cells and Col-0 leaf tissue, normalized GUS activity driven by the unmutated promoter was set to 100% and all other activities were expressed in a relative manner. For DAt2g19080 leaf tissue, values were expressed against the activity of the unmutated promoter fragment in Col-0 tissue. Shading indicates the tissue in which each element had the greatest effect, as determined by the fold changes in activity resulting from the deletion. *, Significance with a P value , 0.05 using Student's t test. #, Significance with a P value , 0.01 using Student's t test. GUS activities for the DAt2g19080 leaf samples are compiled from independent analysis of both lines. The elements outlined in Figure 1 are designated on the left of each image. 
Regulatory Context of AtAOX1c
To identify the regulatory context of AtAOX1c, we searched the Arabidopsis genome for the occurrence of the elements defined as functional in AtAOX1c. A relatively small number of genes had some of the elements occurring individually in their promoter region (Supplemental Fig. S2 ). This was largely due to the fact that the elements were generally longer than 6 bp. For instance, the G element of 13 bp occurred in only three other promoter regions and not in combination with any other elements. For the other elements, these were found in the promoter regions of 133 genes (element D) and up to 7,283 genes (element B). The occurrence of multiple elements was limited because no other promoter region was found to contain five or more elements and only one gene contained four elements (Supplemental Fig. S2 , green shading). This gene (At2g17140) encodes a pentatricopeptide repeat-containing (PPR) protein. The family of genes encoding PPR proteins is greatly expanded in plants compared to animals and is largely located in mitochondria or plastids (Rivals et al., 2006) . Analysis of coexpression of this gene with AtAOX1c revealed positive correlation, although it was not a direct relationship because the slope of the line was not 1 (Supplemental Fig. S3 ). This reveals that the shared elements are coregulating these genes, whereas other elements, present in AtAOX1c, but not in the promoter region of At2g17140, result in different magnitude of transcript changes in a variety of circumstances, accounting for the fact that perfect correlation is not observed. It is likely that, within the functional motifs identified, or overlapping with these sequences, are core elements that may occur more widely at the wholegenome level. Thus, an alternative approach was taken to gain further insight into the AtAOX1c regulatory context.
Genes coexpressed with AtAOX1c were identified using Botany Array Resource (BAR) Expression Angler (Toufighi et al., 2005) and Arabidopsis Coexpression Data Mining Tools (ACT; Jen et al., 2006; Supplemental Table S1 , A and B). A functional classification of the genes identified using ACT, compared to the whole genome, reveals that hydrolase activity, as well as nucleotide and nucleic acid binding, are significantly overrepresented, whereas transferase activity is underrepresented (Fig. 6 ). Similar analysis with Expression Angler indicates that genes categorized into DNA-and RNA-binding/nucleic acid-binding functions are significantly overrepresented (Fig. 6) , with an overlap of 16 genes between the two analyses. The coexpressed gene lists include homeobox genes, genes involved in chromosome maintenance, a gene related to sexual development in yeast (Saccharomyces cerevisiae), a gene encoding an Argonaute-like protein, a family of genes that play a role in regulating gene expression via RNAi, which are associated with meristem formation and organ identity (Kidner and Martienssen, 2005; Ronemus et al., 2006) , and a number of genes encoding F-box proteins. F-box proteins, first identified in cell cycle mutants of yeast (Willems et al., 2004) , are involved in auxin-mediated growth (Parry and Estelle, 2006) and have also been implicated in playing a role in mitochondrial segregation to daughter cells during cell division in yeast (Kondo-Okamoto et al., 2006) . Almost all the other genes listed bind RNA or DNA or are involved in transcription or translation. Genes encoding proteases may be involved in Figure 5 . Functional analysis of the predicted motifs in GmAOX2b. The function of the sequence elements identified in GmAOX2b by comparison to AtAOX1c were tested by deleting these elements and testing the ability of the promoter to drive GUS expression compared to the unmutated soybean promoter region. Elements were deleted in the promoter regions as appropriate to the position of the element. The activity was tested in soybean suspension cells. Normalized GUS activity driven by the unmutated promoter was set to 100% and all other activities were expressed in a relative manner. #, Significance with a P value , 0.01 using Student's t test. The elements outlined in Figure 1 are designated on the left of each image.
growth and division in ubiquitin-mediated protein degradation where F-box proteins also play an essential role (Nemhauser and Chory, 2005) .
Using the two coexpression lists of 50 genes, we also attempted to define core or degenerate sequence elements, as outlined in ''Materials and Methods.'' Briefly, the two coexpression gene lists generated from BAR Expression Angler and ACT were used to predict significantly represented 6-mers compared to the whole Arabidopsis genome, using the Motif Analysis tool on The Arabidopsis Information Resource (TAIR) Web site. This sequence element prediction program, like many others, predicts hundreds of elements in a 1-kb region (Tompa et al., 2005) . Thus, an additional filter was imposed on these predictions. Only predicted 6-mers that overlapped with the functional elements defined for AtAOX1c (elements A-G) were used to define putative core sequences (Table I; Supplemental  Fig. S1) . Elements A to G showed considerable overlap with 6-mers defined as significantly represented in the coexpression gene lists compared to the whole Arabidopsis genome. Most overlapping 6-mers occur in a large proportion of the genes in the coexpression lists (Supplemental Fig. S1 , red and green bars). In addition, the two coexpression lists generated from BAR Expression Angler and ACT were combined and narrowed down to a list of genes encoding mitochondrial proteins, as described in ''Materials and Methods.'' This gene list was again used to predict significantly represented 6-mers overlapping with elements A to G defined in the AtAOX1c promoter region as described above. Again, considerable overlap was observed for all elements (Supplemental Fig. S1 , purple bars).
These putative core sequences (outlined in Table I ) were used to define a putative coregulatory environment for AtAOX1c. A list of Arabidopsis genes that contained five or more of these core sequences in their upstream regions was generated and only 120 genes met this criterion. The functional groups of nucleotide binding and nucleic acid binding were again significantly overrepresented (Fig. 6 ). This putative coregulatory list contains genes encoding proteins involved in cell division (At3g09840); two PPR proteins (At2g39230 and At3g22670), whose expression displayed a strong positive correlation with AtAOX1c ( Supplemental Fig.  S3 ); several proteins predicted to be targeted to mitochondria, including a subunit of cytochrome c oxidase (COX) and ATP synthase; and proteins involved in translation. Two genes encoding subunits involved in organelle biogenesis, Tic 44 and Pex 14, together with phytochrome D, also suggest that genes encoding proteins involved in organelle biogenesis are part of this putative coregulatory environment containing AtAOX1c.
These lists of coexpressed and putatively coregulated genes suggest that AtAOX1c is regulated by growth and developmental signals. It has been reported that many nuclear-located genes encoding mitochondrial proteins contain a site II element, first identified in proliferating cell nuclear antigen (PCNA) genes (Welchen and Gonzalez, 2006) . AtAOX1c is the only one of the five AOX genes in Arabidopsis that contains this element, although it appears in many genes encoding components of the cytochrome respiratory chain (Welchen and Gonzalez, 2006) . To investigate the functionality of this element in the AtAOX1c promoter, we deleted both site II elements present and tested the ability of the promoter to drive the expression of GUS (Fig. 7) . It was evident that deletion of only one of these site II elements at position 2103 bp upstream of the Table I . List of sequence elements defined as functional in the Arabidopsis AtAOX1c promoter, their occurrence in the soybean AOX2b promoter, other AOX genes, and the degenerate sequence motif defined by coexpression analysis Sequence elements are designated motifs A to G. Numbers with each sequence refer to the position at which the motifs are present within each upstream region. Indicated in bold in the soybean sequences are bases that differ from those in AtAOX1c. Numbers with each sequence refer to the position at which the motifs are present within each upstream region. For the degenerate motifs, bases in bold indicate bases that were not included in this study. Os, Oryza sativa; Gm, Glycine max; Zm, Zea mays; At, Arabidopsis; Sg, Sauromatum guttatum; Lc, Lotus corniculatus; Car, Catharanthus roseus; Cr, Chlamydomonas reinhardtii. transcriptional start site (element H) increased promoter activity 2-fold in cells and 4-fold in leaves from Col-0 and DAt2g19080 plants. The high GUS activity in DAt2g19080 leaf tissue was increased 4-fold, resulting in promoter activities 2-to 4-fold higher than in cells and leaf tissue from Col-0 plants. Deleting both site II elements (elements H and I) had no additional effect on promoter activity in cells, but resulted in an 8-fold increase in promoter activity in leaf tissue. Overall, it appears that AtAOX1c is coexpressed and putatively coregulated with genes playing roles in growth and division ( Fig. 6 ; Supplemental Table S1 ), indicating a fundamental role for AtAOX1c in cell development and proliferation.
Because it has been previously reported that AtAOX1a is coexpressed with an external NAD(P)H dehydrogenase, NDB2, we investigated whether any alternative NAD(P)H dehydrogenases were coexpressed with AtAOX1c. NDB4 (At2g20800) was found in the top 20 of the 50 most correlated genes with AtAOX1c in the Expression Angler analysis. Furthermore, analysis of expression correlation plots generated using the co-correlation scatter plot function available from the ACT database (http://www.arabidopsis. leeds.ac.uk/act/coexpanalyser.php) for all seven NAD(P)H dehydrogenases revealed that NDB4 displayed the strongest correlation of coexpression with AtAOX1c (Fig. 8) . To confirm this correlation, we measured transcript abundance for all seven alternative NAD(P)H dehydrogenases in Arabidopsis Col-0 and the DAt2g19080 lines. The expression level of NDB3 was below detection levels. It was clear that in the DAt2g19080 lines transcript abundance of NDB4 was up-regulated between 5-and 10-fold compared to wild-type levels, the greatest induction observed for any alternative NAD(P)H dehydrogenase gene (Fig. 8) and consistent with the increase observed in AtAOX1c (Fig. 2) . Furthermore, we measured the respiratory activity of mitochondria isolated from Arabidopsis Col-0 and DAt2g19080 plants (Table II) . Overall, it was apparent that the capacity of AOX had increased greater than 5-fold in DAt2g19080 mitochondria compared to Col-0. However, external NAD(P)H dehydrogenase activity was found not to be significantly different.
DISCUSSION
Presently, only a few promoters of genes encoding mitochondrial proteins have been analyzed, three Figure 6 . Functional categorization of genes coexpressed and putatively coregulated with AtAOX1c. The 50 top hits for genes coexpressed with AtAOX1c as determined using ACT and BAR Expression Angler were classified into functional groups. Additionally, the 120 genes that share five or more core or degenerate motifs that were functional in AtAOX1c were classified into functional groups. The number of genes in each functional classification was expressed as a percentage and compared to the functional classification of the whole Arabidopsis genome. *, Functional groupings that show significant differences at a 95% confidence interval in comparison to the whole genome.
complex I promoters (Zabaleta et al., 1998) , ThI1 (Ribeiro et al., 2005) , cytochrome c (Welchen and Gonzalez, 2005) , COX 5b (Welchen et al., 2004) , and AtAOX1a (Dojcinovic et al., 2005) . Furthermore, only four sequence motifs have been shown to be functional, two of which were identified in AtAOX1a using transient transformation approaches (Lohrmann et al., 2001; Welchen et al., 2004; Dojcinovic et al., 2005) . In the case of an AOX gene like AtAOX1a, which displays tissue and developmental regulation and is stress inducible, experimental approaches cannot distinguish both sets of elements because stress induction will swamp any characterization of other control elements. Therefore, analysis of AtAOX1c, which is expressed in a variety of tissues and developmental stages, but is not induced by oxidative stress, will provide additional insight into the regulation of AOX expression. Furthermore, AtAOX1c was observed to be up-regulated approximately 10-fold in a mutant with an inactivated mitochondrial preprotein receptor, the latter inducing severe alterations in phenotype (R. Lister and J. Whelan, unpublished data) . A previous analysis of cytoplasmic male sterility (cms) mutants in maize also revealed an up-regulation of different AOX isoforms, depending on the mutation that caused the cms phenotype (Karpova et al., 2002) . Notably, in these plants, it was concluded that there was no increase in oxidative stress in the cms plants compared to wild type. In maize, different cms mutants induce different AOX isoforms; the NCS2 cms line exhibits induced ZmAOX2 and the NCS6 cms line exhibits induced ZmAOX3 (Karpova et al., 2002) . (The terminology of AOX genes from maize follows that of Karpova et al. [2002] . As a monocot, all AOX genes in maize are an AOX1 type, but in keeping in line with the terminology of gene nomenclature for maize, the genes are labeled by successive numbers as in Karpova et al. [2002] .) This indicates that different signaling pathways lead to the expression of different AOX isoforms. Additionally, for both the DAt2g19080 lines used in this study and the maize cms lines, the effects of the genetic lesions are developmental abnormalities (Karpova et al., 2002; R. Lister and J. Whelan, unpublished data) . This links the expression of specific AOX genes to growth and development in plants rather than induction by oxidative stress.
As observed previously for AtAOX1a and NDB2, induction of AtAOX1c was accompanied by the induction of NDB4, a gene encoding an external NAD(P)H dehydrogenase (Michalecka et al., 2003; Elhafez et al., 2006) . In both cases, it is not just a single terminal oxidase that is induced, but a functional alternative respiratory chain capable of oxidizing external NAD(P)H. Using the DAt2g19080 mutant lines, induction of AtAOX1c was shown to be accompanied by an increase in AOX capacity. Along with the increase in AtAOX1a transcript and protein, the increase in AOX capacity is a reflection of the total increase in AOX protein. Although the magnitude of induction of AtAOX1c transcript was greater than the magnitude of AtAOX1a increase (10-fold versus 2-fold), the absolute transcript abundance of AtAOX1a was still 1,000-fold greater than AtAOX1c. In contrast to the increase in AOX capacity, there was no significant increase observed in the oxidation of external NAD(P)H. The capacity of the external NAD(P)H dehydrogenase is already quite high in mitochondria from Col-0 plants and the up-regulation of NDB4 may produce a NAD(P)H dehydrogenase with altered biochemical properties (Rasmusson et al., 2004) .
The demonstration that site II elements are functional in the AtAOX1c promoter is consistent with the proposal that it is regulated by cell growth and developmental signals. Site II elements were first characterized in the PCNA gene, the product of which is a cofactor of DNA polymerase involved in DNA replication and repair. Site II elements have been demonstrated to interact in vitro with proteins belonging to the Teosinte branched 1 cycloidea proliferating cell factor (TCP) family of transcription factors (Kosugi et al., 1991 (Kosugi et al., , 1995 Kosugi and Ohashi, 2002; Tremousaygue et al., 2003; Li et al., 2005) . Within this family, class I TCP factors promote cell growth and division, whereas class II negatively regulate cell division. It was apparent that both site II elements examined in this study acted as strong negative regulators of AtAOX1c expression. This is consistent with the up-regulation of AtAOX1c in the DAt2g19080 lines where growth and development have been altered. . Functional analysis of site II elements in the promoter region of AtAOX1c. Site II elements in the upstream region of AtAOX1c were deleted and the ability of these constructs to drive expression of GUS was tested in suspension cells, Col-0, and DAt2g19080 leaf tissue. For the suspension cells and leaf tissue from Col-0 plants, promoter activity was set to 100% for unmutated constructs, whereas GUS activity of the DAt2g19080 leaf tissue was normalized to leaf tissue from Col-0 plants to visualize the increase in GUS activity. #, Significance with a P value , 0.01 using Student's t test. The elements are designated as outlined in Figure 1 .
Furthermore, site II elements are proposed to function in a synergistic manner with other elements, such as the telo box domain, and multiple site II elements may bind different TCP proteins to form heterodimers and numerous combinations are possible given that 24 TCP proteins are predicted to be present in the Arabidopsis genome (Kosugi and Ohashi, 2002) . It was observed that elements B, D, and E acted as either a positive or negative element, depending on the tissue. This may be explained by a sequence element binding Figure 8 . Analysis of the coexpression of genes encoding alternative NAD(P)H dehydrogenases with AtAOX1c. Coexpression of each alternative NAD(P)H dehydrogenase with AtAOX1c was determined using the co-correlation scatter plot function on the ACT database. An output with a slope of 1 indicates perfect coexpression, whereas a slope of 21 indicates negative correlation. QRT-PCR analysis of the expression of all seven alternative NAD(P)H dehydrogenases in Col-0 and DAt2g19080 leaf tissue in which AtAOX1c was shown to be up-regulated was also carried out. The expression level of NDB3 was below reliable detection.
[See online article for color version of this figure.] to different transcription factors, likely to be in the same family and using the same core-binding element. Transcription factors display tissue, developmental, and stress-inducible expression patterns (Riechmann, 2002) . Thus, positive or negative regulation associated with any element is dependent on the specific transcription factor present in that cell type. In addition to different classes of TCP proteins exerting positive or negative regulation, it appears that many defenserelated transcription factor families have members that can activate or repress transcription (Eulgem, 2005) . Thus, it is easy to visualize how a similar motif can act in a positive or negative regulatory manner, depending on the specific transcription factors that bind.
Overall, analysis of the AtAOX1c promoter revealed that regulation is complex, with positive and negative regulatory regions. This study identified nine active elements that varied in their regulatory properties, being either positive or negative and causing changes in GUS activity of different magnitudes when deleted, depending on the tissues where activity was tested. The fact that the GUS activity of the AtAOX1c promoter was 10-fold higher in leaves from DAt2g19080 indicates that expression of AtAOX1c is highly regulated and can be activated by various signals. All elements, except element C, functioned as positive regulators in the DAt2g19080 lines, whereas in suspension cells or leaves from Col-0 plants, some elements functioned as negative regulators, such as element E. The results from deleting large regions compared to that of deleting specific elements were in general agreement in that both analyses revealed positive and negative regulatory regions. For instance, deleting bases 2430 to 2293 bp revealed a positive regulatory region, and elements A and B in this region were positive regulators in leaf tissue. It is likely that there are several other functional elements because deletion of 2973 to 2430 bp revealed a negative regulatory region, yet no functional elements were defined in this region.
What is the role of an alternative respiratory pathway in cells under nonstressed conditions, especially in the context of cell growth and division? Notably, this does not just refer to AtAOX1c, but rather to AOX, in general, because a variety of studies in various plant species have indicated it is widely expressed during normal growth and development (Vanlerberghe and McIntosh, 1997; Michalecka et al., 2003; Finnegan et al., 2004; Rasmusson et al., 2004; Clifton et al., 2006; Escobar et al., 2006) . One possibility is that AOX and associated NAD(P)H dehydrogenases are expressed at a basal level that leads to equilibrium for ROS production. ROS are constantly produced in a cell and are inactivated by a variety of antioxidant mechanisms (Sweetlove and Foyer, 2004) . Basal-level expression of AOX may be especially important in proliferating cells where DNA is being replicated because ROS have the potential to be mutagenic and the prevention of ROS accumulation is therefore necessary to protect against an increase in mutations. The presence of AOX acts as a preoxidant defense, preventing the production of ROS and thereby protecting mitochondrial DNA from mutation. It is interesting to note that plant mitochondrial DNA has extremely low rates of mutation, albeit with rare exceptions, in comparison to their animal counterparts (Wolfe et al., 1987; Palmer and Herbon, 1988; Cho et al., 2004) and the presence of AOX in plants may play a role in maintaining these low rates of mutation. In fungal systems, expression of AOX has been directly associated with a decrease in the production of ROS, an increase in mitochondrial genome stability, restoration of fertility, and an increased lifespan (Lorin et al., 2001 (Lorin et al., , 2006 . Furthermore, growth and division places demands on the cell that may require the function of AOX. Growth is energy demanding in terms of ATP required for DNA replication, transcription, translation, and also in the requirements of carbon skeletons for various biosynthetic purposes, such as amino acid and nucleotide synthesis. These carbon skeletons can be supplied from the anaplerotic reactions of the TCA cycle, but this may compromise energy production. An alternative respiratory pathway, including an external NAD(P)H dehydrogenase, has the capacity to oxidize external (or cytosolic) NAD(P)H in contrast to complex I of the cytochrome chain, which oxidizes intramitochondrial NAD(P)H. In this context, it has been previously proposed that the role of AOX is to maintain growth (Parsons et al., 1999; Sieger et al., 2005) . It achieves this by maintaining a supply of ATP either from cytosolic or mitochondrial generated reducing equivalents acting as a mechanism to ensure energy homeostasis (Hansen et al., 2002; Moore et al., 2002) . Induction of AOX under stress conditions that inhibit the production of ATP via oxidative phosphorylation fits into this overall model, but is just one aspect of a specialized role for AOX in balancing energy and biosynthetic metabolism.
MATERIALS AND METHODS
Cloning of Arabidopsis and Soybean Promoter Regions
Cloning of the soybean (Glycine max) GmAOX2b promoter has been previously described (Thirkettle-Watts et al., 2003) . The Arabidopsis (Arabidopsis thaliana) AtAOX1c promoter region was cloned using specific primers Table II . Oxygen consumption by mitochondria isolated from Arabidopsis plants Mitochondria were isolated from the aerial tissue of 4-week-old wild-type Col-0 and DAt2g19080 plants and oxygen consumption was measured using an oxygen electrode. Maximal respiratory rates using NADH or NADPH as substrates (in the presence of rotenone) were determined, as well as AOX and COX capacity. Respiration rates are presented as nmol of O 2 consumed min 21 mg 21 of mitochondrial protein (mean 6 SE; n 5 3). designed to introduce SalI and NcoI on either end of the amplified fragment (AtAOX1c F, GTAGCTTTCCCGGGCTGAAC; AtAOX1c R, GTAGTGAC-CATGGTTCGGAT). Amplification was performed using the Expand highfidelity PCR system (Roche Diagnostics) and visualized using agarose gel electrophoresis. Fragments of interest were subsequently purified using a PCR purification kit (Qiagen) and ligated into the pCR2.1 vector (Invitrogen), according to the manufacturer's instructions. The pCR2.1 vector was then digested using the appropriate restriction enzymes, and promoter regions were then subcloned into the pGEM-GUS vector via ligation. Deletion constructs and motif deletions were produced using the Quikchange II site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. For AtAOX1c, restriction sites were introduced to the 5#-end of the promoter region to produce deletion constructs of sizes 2973, 2430, 2293, 2253, 2187, 2143, 2112, 247, 22 , and 155 bp (Fig. 1) . Specific elements, labeled A to I, were mutated in the appropriate promoter construct with the numbers indicating the bases deleted: element A, 2418 to 2425 bp; element B, 2362 to 2367 bp; element C, 2336 to 2342 bp (deleted from 2430 promoter fragment); element D, 2244 to 2251 bp; element E, 2223 to 2230 bp (deleted from 2253 promoter fragment); element F, 2146 to 2153 bp (deleted from 2187 promoter fragment); element G, 266 to 278 bp; element H, 298 to 2104 bp; and element I, 284 to 288 bp (deleted from 2112 promoter fragment). All numbers refer to the position relative to the transcriptional start site, with the 5#-region referred to as negative and the transcriptional start site as 11. The constructs were made as translational fusions to the GUS reporter gene, with the ATG of AtAOX1c used as the start codon. Thus, for all constructs, the 5#-untranslated region (107 bp) is included, except for the 155-bp construct.
Wild-Type
For the GmAOX2b promoter, a deletion series of the promoter revealed positive and negative regulatory regions as reported previously (ThirkettleWatts et al., 2003) . Sequence element deletions were produced in the appropriate deletion construct as follows: element A, 2186 to 2193 bp (deleted from 2402 promoter fragment); element B, 2178 to 2184 bp (deleted from 2220 promoter fragment); element C, 21,026 to 21,033 bp (deleted from 21,223 promoter fragment); element D, 2208 to 2215 bp (deleted from 2402 promoter fragment); element E, 2441 to 2449 bp (deleted from 2655 promoter fragment); element F, 2138 to 2146 bp (deleted from 2220 promoter fragment); and element G, 21,046 to 21,062 bp (deleted from 21,223 promoter fragment). Because the transcriptional start site for GmAOX2b is not known, all numbers refer to the translational start site, with the A of ATG denoted 11.
Suspension Cell Culture, Plant Growth, and Treatments
Suspension cells from Arabidopsis (ecotype Landsberg erecta) leaf tissue were grown in 250-mL flasks with medium rotating at 130 rpm at 22°C for 16 h at 100 mE m 22 s 21 light conditions and 8 h of dark (Gamborg, 1968; Sweetlove et al., 2002) . Suspension cells from soybean leaf tissue were grown in 250-mL flasks with medium rotating at 130 rpm at 28°C, under approximately 20 mE m 22 s 21 light (Gamborg, 1968; Djajanegara et al., 2002) . Cells were subcultured
(1:6 [v/v] dilution) at 7-d intervals to maintain exponential cell growth. Arabidopsis plants, ecotype Col-0, were grown at 22°C under long-day conditions. Arabidopsis DAt2g19080 plants were germinated on Murashige and Skoog agar plates (Gamborg, 1968) and homozygotes were transplanted into soil. Plants were grown in the long-day conditions described above. For transient expression analysis, suspension cells at 7 d old (for Arabidopsis) and 6 d old (for soybean) were aseptically coated onto filter paper (55-mm diameter; Whatman no. 1) and placed onto solid medium containing the appropriate culture medium supplemented with 200 mM mannitol and incubated for 2 h at 22°C in the light (for Arabidopsis) or 28°C in the dark (for soybean). Arabidopsis leaves used for transient transformation were placed on solid medium containing Arabidopsis culture medium supplemented with 200 mM mannitol and placed under the same conditions as the cell culture.
Biolistic Transformation
For transformation of suspension cell culture, 5 mg of each GUS reporter construct and the luciferase calibration construct were precipitated onto 5 mg of 1-mm (average diameter) gold particles (Chempur) using 2.5 M CaCl 2 (Sigma-Aldrich) and 100 mM spermidine (Sigma-Aldrich). For each bombardment, 0.5 mg of particles was used. Bombardment was carried out under vacuum using helium pressure of 1,400 kPa. After transformation, cells were incubated at 22°C for 16 h at approximately 100 mE m 22 s 21 light conditions and 8 h of dark for 24 h (Arabidopsis) or 48 h of dark (soybean) on the medium-impregnated filter paper discs. Transformation of leaf tissue was performed using the PDS-1000 system using the Hepta adaptor (Bio-Rad Laboratories), using 10 mg of each GUS reporter construct and the luciferase calibration construct precipitated onto 3 mg of gold microparticles with a diameter of 1 mm (INBIO). Transformation was performed using rupture discs with a 1,100 psi pressure rating (INBIO) as per the manufacturer's instructions (Bio-Rad Laboratories). After transformation, Arabidopsis leaf tissue was incubated under the same conditions as cell culture for 24 h.
Assays for Luciferase and GUS
Transformed cells and leaves were disrupted by grinding in a mortar and pestle under liquid nitrogen. Broken cells were extracted with the lysis buffer and protocol supplied with the luciferase assay system kit (Roche). Luciferase activity assays were carried out according to the manufacturer's instructions and activity was measured at 2-s intervals over 20 s, using the Polarstar Optima (BMG Labtechnologies). GUS activity was determined using the fluorimetric GUS assay (Jefferson et al., 1987) . Fluorescence was measured using Polarstar Optima (excitation at 355 nm, emission at 460 nm) at 3-min intervals over 1 h. GUS activity was normalized by dividing the GUS fluorescence value by the luciferase activity for each sample, thus eliminating variation due to transformation efficiency. A minimum of three replicate bombardments was carried out per construct. GUS activities measured for each construct were expressed as a percentage of the control (largest promoter fragment or unmutated promoter), which was normalized to a value of 100%.
To determine statistical significance for the deletion series of AtAOX1c in cells, wild-type leaves, and DAt2g19080 leaves, two sample t tests assuming unequal variances were performed. Each deletion series transformed into different tissue types was treated independently for this analysis. Within each series, each deletion construct was compared to the construct immediately preceding it in size (e.g. the 2430-bp construct was only compared to the 2973-bp construct). Thus, these tests do not determine relative importance or dependence between various promoter sections, but determine changes in promoter activity between each deletion construct. For comparison of GUS activities of the motif deletions compared to that of the unmutated promoter, a two-sample t test assuming unequal variances was also performed. In all cases, a significant difference was defined as P # 0.05.
Isolation of Arabidopsis Mitochondria
Mitochondria from 5-week-old Arabidopsis Col-0 and DAt2g19080 mutant plants used for western-blot analysis and respiratory activity measurements were prepared by cutting plant leaf tissue into smaller segments and disrupting cells in 200 mL of grinding medium (0.5 M Suc, 25 mM tetrasodiumpyrophosphate, 1% [w/v] polyvinylpyrrolidone-40, 2 mM EDTA, 10 mM KH 2 PO 4 , and 1% [w/v] bovine serum albumin), using a mortar and pestle. Subsequent material was then filtered through Miracloth and cheesecloth. Arabidopsis mitochondria were isolated according to standard protocols as described previously (Millar et al., 2001 ).
Immunodetection
Western-blot analysis of mitochondrial proteins isolated from Col-0 and DAt2g19080 mutant Arabidopsis plants was carried out as described previously (Howell et al., 2006) . Mitochondria were probed with antibodies to the outer membrane marker porin and the inner membrane protein AOX (Dr. Tom Elthon, University of Nebraska). Immunoreaction was detected using the BM luminescence western-blotting kit (Roche) and quantitative light emission was recorded using a luminescent image analyzer (LAS 1000). Western blots were analyzed using Image Gauge Version 3.0 software.
Respiratory Measurements
For respiratory measurements on isolated mitochondria, 75 to 150 mg of mitochondrial protein were added to 1 mL of reaction medium (0.3 M mannitol, 10 mM TES, 5 mM KH 2 PO 4 10 mM NaCl, 2 mM MgSO 4 , 0.1% [w/v] bovine serum albumin, pH 7.5) and oxygen consumption was measured at 25°C in a Clarke-type oxygen electrode. The following reagents and inhibitors were added as described below to the reaction medium to the final concentrations indicated to examine mitochondrial function: NADH (1.5 mM), NADPH (1.5 mM), ADP (0.25 mM), CaCl 2 (1 mM), rotenone (5 mM), ATP (0.3 mM), succinate (5 mM), myxothiazol (5 mM), pyruvate (5 mM), dithiothreitol (2 mM), nPG (50 mM), ascorbate (10 mM), cytochrome c (50 mM), Triton X-100 (0.05% [w/v]), and cyanide (1 mM). NADH or NADPH-dependent respiration was measured in the presence of ADP to maximize respiratory rate, CaCl 2 to activate the external NAD(P)H dehydrogenases, and rotenone to ensure the respiratory rates measured were due to engagement of a rotenone-insensitive NADH dehydrogenase. AOX capacity was measured in the presence of succinate, NADH, ATP, and ADP to maximize electron flux, myxothiazol to block cytochrome pathway operation, and pyruvate and dithiothreitol to fully activate AOX. nPG was added to ensure that the oxygen consumption measured was due to AOX activity. COX capacity was measured by the solubilization of mitochondrial membranes with Triton X-100 and the provision of electrons by a reduced cytochrome c regenerating system consisting of exogenous cytochrome c and ascorbate. Cyanide was added to ensure that the oxygen consumption measured was due to COX activity.
QRT-PCR Analysis of Gene Expression
Leaf tissue was harvested from Col-0 and mutant plants at 2 weeks of age (young leaf) and at 4 weeks of age (mature leaf) and snap frozen in liquid N 2 . Samples were collected in triplicate. Total RNA isolation and cDNA synthesis were carried out as described previously (Lister et al., 2004) . Transcript levels were assayed using the iCycler and iQ Supermix and iQ SYBR Supermix (BioRad Laboratories) as described previously (Thirkettle-Watts et al., 2003; Lister et al., 2004) . QRT-PCR primers (5#-3#) used for the AtAOX1b and AtAOX1d were as follows: AtAOX1b F, CACAGCCATCTTTTGATTCCTA; AtAOX1b R, CATTCAGTTCCATCTTCTTTGG; AtAOX1d F, CATCTTCGGTACAATCC-TCC; and AtAOX1d R, CACTTCCAAGCTGAACCGTC.
All other assays used primers described previously (Clifton et al., 2005; Elhafez et al., 2006) . Each of three independent cDNA preparations was assayed twice for each transcript analyzed. Transcript abundance was presented as absolute transcript abundance as determined by comparison to an internal standard of known concentration and SEs were calculated for every data point.
Construction of Gene Lists for Experimentally Tested Elements
In this study, for each experimentally identified functional sequence element in the AtAOX1c promoter, a gene list was generated containing all Arabidopsis genes with these sequences in their upstream regions using the Patmatch function on the TAIR Web site (AGI, 2000; http://www.arabidopsis. org/cgi-bin/patmatch/nph-patmatch.pl). For each element, the nucleotide sequence was searched against Locus Upstream Sequences-1,000 bp (DNA). Elements were searched in both DNA strands (forward direction and reverse complement), with no mismatch allowed and a maximum of one hit per sequence. Once gene lists were generated, they were compiled such that the overlap (i.e. genes containing more than one element) could be identified. These data were presented in a seven-way Venn diagram, kindly provided by Frank Ruskey and Mark Weston (Department of Computer Science, University of Victoria (Ruskey and Weston, 2006) .
AtAOX1c Coexpression Analysis
Arabidopsis gene lists containing the most highly correlated genes with AtAOX1c in terms of expression profiles across publicly available microarray studies were generated independently using several programs. A list of the 50 most highly correlated genes with AtAOX1c was generated using BAR Expression Angler (Toufighi et al., 2005 ; http://bbc.botany.utoronto.ca/ntools/ cgi-bin/ntools_expression_angler.cgi) searching the NASCarrays 392 dataset with an R-value cutoff of 0.7 under default settings. An independent list of the 50 most correlated genes with AtAOX1c was generated using the Clique Finder function on the ACT database (Jen et al., 2006 ; http://www.arabidopsis. leeds.ac.uk/act/coexpanalyser.php) under default settings with R values ranging from 0.82 to 0.93. The overlap between the lists consisted of 16 genes.
Functional Categorization Analysis
Functional categorization using GO annotations was performed on the Arabidopsis whole-genome set, along with the independent lists of the most highly correlated genes with AtAOX1c generated in Expression Angler and ACT as described above. Functional categorizations for each gene list were obtained from TAIR using the GO annotations functional categorization function (http://www.arabidopsis.org/tools/bulk/go/index.jsp). The percentage distribution of each category for the different gene lists was compared to that of the whole genome. A T-score was calculated for each comparison using a two-sample z-statistic where T-scores over 2.0 (corresponding to a 95% confidence interval) were considered significant. A two-sample z-statistic was used to determine significant differences in proportions of functional groups. Standard normal distribution was assumed. The comparisons were performed using an online tool (http://www.marketviewresearch.com/SC/ tisamples.asp).
Expression Correlation Plots of Alternative Respiratory Components
Correlation plots were generated using the co-correlation scatter plot function on the ACT database under default settings (http://www.arabidopsis. leeds.ac.uk/act/coexpanalyser.php), which plots Pearson correlation coefficients for two probes using 322 ATH1 arrays (Exp_ID: 2_1-2_41). Correlation plots were generated for AtAOX1c (At3g27620) against all the genes encoding alternative NAD(P)H dehydrogenases (At1g07180, At2g29990, At4g28220, At4g05020, At4g21490, At2g20800, and At5g08740).
Defining Core Elements
For the purpose of defining a coregulatory environment of AtAOX1c, the relatively large sequence elements experimentally tested in this study were broken down further to identify a possible core sequence that may be more widely represented in coregulated genes. The top 10 coexpressed genes with AtAOX1c as defined by ACT and Expression Angler were used to generate lists of 6-mers significantly represented in these promoter regions (defined as 1,000 bp upstream of the transcriptional start site in this analysis) using the Motif Analysis function in the TAIR database (http://www.arabidopsis.org/ tools/bulk/motiffinder/index.jsp). This function compares the frequency of 6-mer words in the query set to that of the whole genome (31,407 sequences) and calculates statistically significant represented motifs in the query set. The 6-mer words identified in the promoters of these two lists were then filtered to reveal 6-mers that overlapped with the functional motifs defined in this study, with a minimum overlap of 2 or more bases. Each 6-mer identified was categorized as to the number of promoter sequences from the coexpression lists in which it was present (from the original lists of 50 of coexpressed genes; i.e. 25% to 50% indicates that the motif is present 25% to 50% of the time in the promoters in this list; Supplemental Fig. S1 ). In addition, we combined the lists of the 50 most correlated genes generated via the two different programs and analyzed for genes encoding mitochondrial proteins (defined in the mitochondrial proteome or predicted to be mitochondrial (Heazlewood et al., 2005) . This list of 13 genes was again used as the query set in the Motif Analysis function on TAIR database under the same conditions as described earlier, and the 6-mers identified were categorized as to their percentage presence in the promoter list. Because the elements predicted in this study were originally predicted via comparison with the promoter region of GmAOX2b, the corresponding elements in the GmAOX2b promoter were searched to see whether there were degenerate bases between GmAOX2b and AtAOX1c elements and therefore further define a motif core. These analyses were plotted against the elements identified experimentally and highly conserved regions were identified. These regions were then defined as possible core sequences (Table I ) and were then utilized in further analyses. For each of the core elements defined, sequences were again searched against the upstream regions of all Arabidopsis genes using TAIR Patmatch function (http:// www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl). The core sequences searched were as described in Table I , and searches were carried out as described for experimentally tested element sequences. Once gene lists were generated, they were compiled such that the overlap (i.e. genes containing more than one element) could be identified. In addition, a functional categorization using GO annotations was performed on the Arabidopsis whole-genome set and the list of genes containing five or more of the defined core elements, as described earlier, and T-scores were calculated for percentile distribution comparisons between the whole-genome categorization and the gene list generated in this study.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AY303971 (GmAOX2a), S81466 (GmAOX1), U87907 (GmAOX2b), NM113135 (AtAOX1a), and NM113678 (AtAOX1c). 
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